Introduction
In 1871, bovine leukosis was first reported as yellowish nodules in the enlarged spleen of cattle (Leisering 1871; Aida et al. 2013) . Bovine leukosis is a neoplastic disease of cattle and is classified as two types: sporadic bovine leukosis (SBL; also known as T cell leukosis), and enzootic bovine leukosis (EBL) (also known as B cell leukosis). The incidence of EBL in cattle is much higher than that of SBL.
EBL is caused by bovine leukemia virus (BLV), which belongs to the Retroviridae family within the genus Deltaretrovirus . However, the cause of SBL is not known. Sero-epidemiological studies show that BLV infection occurs worldwide. Therefore, EBL is listed by the World Organization for Animal Health (OIE) as a disease that can have a significant impact on international trade (Rodriguez et al. 2011) . The natural host of BLV is the domestic cattle and water buffalo, however, experimental infection of sheep results in lymphoma (Nagaoka et al. 1999) . Interestingly, BLV cause leukemia in only cattle and sheep, although the virus can infect many cell lines, and can be transmitted experimentally to rabbits, rats, chickens, pigs, goats and sheep (Aida et al. 1989; OIE 2012) .
EBL is a contagious lymphoproliferative disease, characterized by B cell lymphoma (Kirkland et al. 2005; Aida et al. 2013) ; the disease causes serious problems for the cattle industry. The clinical signs of BLV-induced tumors are variable, although the most common are digestive disturbance, weight loss, weakness, reduced milk production, loss of appetite, and enlarged lymph nodes (OIE 2012) . Historically, economic losses caused by BLV infection were thought to be related only to the onset of bovine leukosis, which occurs in only 2-5% of BLV-infected cattle within 5 years post-infection. However, recent reports show that BLV infection also reduces milk production ) and causes a high incidence of infectious disease (Sandev et al. 2004) . It also causes reproductive inefficiency, resulting in high culling rates (Bartlett et al. 2013) . Therefore, eradicating BLV is of utmost importance.
BLV is closely related to human T-cell leukemia virus type 1 (HTLV-1), which is the causative agent of adult T-cell leukemia (ATL) and a chronic neurological disorder known as tropical spastic paraparesis or HTLV-1-associated myelopathy HAM/TSP . Therefore, studies on BLV may facilitate our understanding of the mechanism of leukemogenesis induced by HTLV-1.
In this review, we discuss BLV genotyping methods including polymerase chain reaction (PCR)-restricted fragment length polymorphisms (RFLPs) and up-to-date phylogenetic methods, along with the different BLV genotypes identified worldwide. We then describe how BLV genotypes spread so widely.
Clinical stage and transmission
EBL is a malignant B cell lymphoma of cattle that has a poor prognosis. As shown in Figure 1 Panei et al. 2013) . Among these, the Tax protein of BLV which is a transcriptional activator of viral replication and a key contributor to oncogenic potential, immortalizes some infected cells, probably CD5 + IgM + B cells (Aida et al. 1993) , and induces polyclonal proliferation.
This ability of the Tax protein to induce immortalization may be the first step in the BLV-mediated transformation process. Moreover, after the infection of cattle and during the latency period, the expression of BLV becomes blocked at the transcriptional level (Tagima et al. 2003b) . Such repression appears to be very important for the escape of BLV from the host's immune surveillance system, and later only a certain small proportion of infected animals develop a terminal disease . Thus, BLV infection is probably not sufficient for leukemogenesis and the malignant transformation must occur with the help of several kind of gene mutations of host factors (Figure 1 ). For example, mutation of the p53 tumor suppressor gene is one of several genetic changes involved in development of EBL (Tajima et al. 1998) . Another is phosphorylation of bovine leukocyte antigen (BoLA) class II (Aida et al. 1992) .
Several reports show an association between BLV disease progression and genetic factors such as BoLA class II polymorphism, TNF-α expression, the Contactin 3 gene, and
BoLA class III and class I genes, chromosomes 23 (rs41583098), 3 (rs109405425, rs110785500) and 8 ( r s43564499) i n c l o s e v i c i n i t y o f a p a t a t i n -l i k e phospholipase domain containing 1 (PNPLA1); adaptorrelated protein complex 4, beta 1 subunit (AP4B1); tripartite motif-containing 45 (TRIM45) and cell division cycle associated 2 (CDCA2) genes (Takeshima et al. 2017; Miyasaka et al. 2013; Xu et al. 1993; Konnai et al. 2006) .
Since the free virus is very unstable, the most efficient pathway for BLV transmission is the cell to cell route; this mainly occurs via blood or milk (Rodriguez et al. 2011) . As shown in Figure 2 , BLV is transmitted both horizontally and vertically. BLV can be transmitted within and between herds through physical contact (Kono et al. 1983 ). In addition, iatrogenic factors such as exposure to biological fluids contaminated with infected lymphocytes (Yuan et al. 2015) , blood-contaminated dehorning devices (DiGiacomo et al. 1985; Lassauzet et al. 1990 ), fixing of tattoos and bull rings The Journal of Animal Genetics (2017) 45, 59-70 maintain a high viral load (Willems et al. 1994; Florins et al. 2007 ). Recent studies report the existence of RNA polymerase-III (pol-III)-encoded viral microRNAs (miRNAs) between the env and pX regions of the BLV genome (Rosewick et al. 2013) . Viral miRNAs are strongly expressed by preleukemic and malignant cells, thereby playing a potential role in tumor onset and progression (Rosewick et al. 2013 ) and affecting on proviral load (and consequently viral replication) in the natural host (Gillet et al. 2016) .
Figure 3 Schematic representations of BLV viral particle (A) and genome structure (B). (A)

Brief history of BLV genotyping and the existence of ten BLV genotypes
In the BLV genotyping studies, researchers analyzed mainly the env gene, particularly focusing on the env gp51 region due to the biological functions of env gp51 gene and its protein. The gp51 glycoprotein is essential in the viral lifecycle and of importance in viral entry into host cells (Mamoun et al. 1990; Callebaut et al. 1993 ). In addition, gp51 glycoprotein is the target of neutralizing antibodies due to its localization on the surface of viral particle (Portetelle et al. 1989) . The N-terminal half of the gp51 glycoprotein contains F, G and H three conformational epitopes which play key roles in syncytium formation and viral infectivity (Bruck et al. 1982; Portetelle et al. 1989) .
During the early period of studies on BLV genotyping, researchers amplified the env gp51 gene using PCR methods and then analyzed the restricted RFLP of amplified PCR products (PCR-RFLP) to assign BLV strains from different geographical regions into distinctive clusters or genotypes by using a variety of restriction enzymes (EcoRI, KpnI, HindIII, SalI, XbaI, BamHI, BglI, SacI, XhoI, PstI, BglII, HaeIII, HpaII, PvuII, StuI, and BclI) (Mamoun et al. 1990; Coulston et al. 1990; Fechner et al. 1997; Licursi et al. 2002; Licursi et al. 2003; Asfaw et al. 2005; Monti et al. 2005; Felmer et al. 2005) as summarized in Table 1 . The BLV cluster or genotype is named after the geographically isolated origin of the sample, such as "Argentine type" or "Australian type" , or according to its cluster, such as To date, all phylogenetic studies of BLV genotypes have mainly targeted on partial or full env sequences.
Fortunately, Japanese group constructed phylogenetic tree to classify BLV genotypes by using full length BLV genome sequences (G-1, -2, and -4) stored in a database, along with newly identified sequences of BLV strains (G-6, -9 and -10); they then showed clear stratification of BLV genotypes with very high bootstrap values (Polat et al. 2016a; Polat et al. 2016b ) (Figure 6 ).
Differentiation and specificity of BLV genotypes
Comparison of full amino acid sequences derived from complete genome sequences of available BLV genotypic strains (G-1, -2, -4, -6, -9, and -10) revealed that, even though amino acid substitutions were shared among different genotypes, each harbored genotype-specific amino acid substitutions in both the structural and non-structural genes (Polat et al. 2016a; Polat et al. 2016b ) (summarized in Figure 7 ). Genotype-1 is the consensus sequence and is the most conserved genotype; it harbors two distinct amino Env, I130V in Tax, I36V in R3, and H27R and F45S in G4.
Only one whole genome sequence of genotype-4 BLV showed four distinct amino acid substitutions: T63A in the Gag protein, I13V in Pro, T480P in Env, and F22L in G4.
Genotype-6 harbors several amino acid substitutions: V318T
in Gag, R149S in Pro, I209M, A231T, Q268H, I399V, and H839Q in Pol, Q12E and R207K in Env, V24D and R54H in Tax, Q12E, S40T, and T142M in Rex, Q12E, K27E, and H35Y in R3, and mutation C7R in the G4 protein.
Sequencing of Genotype-9 BLV strains revealed seven amino acid mutations: E166D, D447G, H644Y, and A826T
in Pol, A133V in Env, A113E in Rex, and N26H in R3.
Moreover, genotype-10 BLV strains harbored the most amino acid substitutions in both structural and non-structural regions: T38A and T366A in Gag, S52F in Pro, V205L, I409V, P480S, and A826V in Pol, V106A, S137F, Q143R, and P177S in Env, N140K, V142E, I152T, D181N, E229D, and L273F in Tax, S103F, L140P, and T156N in Rex, K27N
in R3, and L66P in G4. These genotype-specific amino acid substitutions further differentiate each of BLV genotypes. 
Distribution of BLV genotypes worldwide
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G e o g r a p h i c a l d i s t r i b u t i o n o f B L V genotypes worldwide
Even though BLV is distributed worldwide, BLV genotyping studies have been done in certain geographical regions (summarized in Table 2 ). In North America, genotype-1, -3, and -4 in the USA (Derse et al. 1985; Mamoun et al. 1990; Zhao & Buehring 2007 ) and genotype-1 in the Caribbean were identified separately. In Central American, genotype-1 and -5 were reported in Costa Rica (Zhao & Buehring 2007) . In South America, a number of BLV genotypes (G-1, -2, -4, -5, -7 and -9) have been detected: genotype -1, -2, -5, -6 and -7
in Brazil (Camargos et al. 2002; Camargos et al. 2007; Moratorio et al. 2010), genotype -4 and -7 in Chile (Felmer et al. 2005) , genotype -1, -2, -4 and -6 in samples from
Argentine (Dube et al. 2000; Licursi et al. 2003; Monti et al. 2005; Dube et al. 2009; Rodriguez et al. 2009 ), genotype-1,
-2, -6 and -9 in Bolivia (Polat et al. 2016a) , genotype-1, -2, and -6 in samples from Peru and Paraguay (Polat et al. 2016a) , and genotype-1 in Uruguay (Moratorio et al. 2010) .
In Australia, only genotype-1 has been detected (Coulston et al. 1990 ).
In Europe, totally five different BLV genotypes have been reported (G-1, -3, -4, -7, and -8) : genotype -4 in samples from Belarus (Rola-Luszzak et al. 2013) and Belgium (Mamoun et al. 1990; Zhao & Buehring 2007); genotype-4 and -7 in Poland (Rola-Luszzak et al. 2013) ;
genotype -4, -7 and -8 in cattle samples from Russia and Ukraine (Rola-Luszzak et al. 2013); genotype-8 in Croatia (Balic et al. 2012) ; genotype-3 and -4 in France (Mamoun et al. 1990); genotype-1 and -4 in Germany (Fechner et al. 1997) ; and genotype-7 in Italy (Molteni et al. 1996) . A total of seven BLV genotypes have been identified in samples from Asia (G-1, -2, -3, -4, -6, -7 and -10) : genotype -1, -2 and -3 in Japan (Licursi et al. 2003; Zhao & Buehring 2007; Matsumura et al. 2011; Inoue et al. 2011) ; genotype -1 and -3 in Korea (Lim et al. 2009; Lee et al. 2015) ; genotype -1 and -6 in The Philippines (Polat et al. 2015) ; genotype-1, -6
and -10 in Thailand (Lee et al. 2016); genotype-1, -4 and -7 in Mongolia (Ochirkhuu et al. 2016) ; genotype-10 in samples from Myanmar (Polat et al. 2016b) ; and genotype-1 and -6 in Jordan (Ababneh et al. 2012) . (Rodriguez et al. 2011; EPAHW 2015) .
Worldwide allocation of this contagious disease was driven by introduction of cattle from European countries in herds of other disease-free countries (Rodriguez et al. 2011) , and also through trade in breeding animals (EPAHW 2015) . In addition, infected-cattle were also reintroduced into some of European countries; Take an example, BLV was introduced into the UK through breeding animals from Canada in 1968 and 1973 (EPAHW 2015 and -10 (in Thailand and Myanmar) are observed only in geographically close areas, probably due to exchange of animals between these countries (Lee et al. 2016; Polat et al. 2016b ). Genotype-6 and -7 are also widely distributed, possibly via cattle importation and animal trading between countries (Polat et al. 2015; Ochirkhuu et al. 2016) . 
